Understanding the Fermi surface and low-energy excitations of iron or cobalt pnictides is crucial for assessing electronic instabilities such as magnetic or superconducting states. Here, we propose and implement a new approach to compute the low-energy properties of correlated electron materials, taking into account both screened exchange beyond the local density approximation and local dynamical correlations. The scheme allows us to resolve the puzzle of BaCo2As2, for which standard electronic structure techniques predict a ferromagnetic instability not observed in nature.
Understanding the Fermi surface and low-energy excitations of iron or cobalt pnictides is crucial for assessing electronic instabilities such as magnetic or superconducting states. Here, we propose and implement a new approach to compute the low-energy properties of correlated electron materials, taking into account both screened exchange beyond the local density approximation and local dynamical correlations. The scheme allows us to resolve the puzzle of BaCo2As2, for which standard electronic structure techniques predict a ferromagnetic instability not observed in nature. The discovery of unconventional superconductivity in iron pnictides and chalcogenides in 2008 has aroused strong interest into the Fermi surfaces and low-energy excitations of transition metal pnictides and related compounds. Angle-resolved photoemission spectroscopy (ARPES) has been used to systematically map out quasiparticle dispersions, and to identify electron and hole pockets potentially relevant for low-energy instabilities [1] [2] [3] [4] [5] [6] [7] . Density functional theory (DFT) calculations have complemented the picture, yielding information about orbital characters [8] , or the dependence of the topology of the Fermi surface on structural parameters or element substitution [9, 10] . DFT within the local density approximation (LDA) or generalized gradient schemes has also served as a starting point for refined many-body calculations addressing band renormalizations and quasiparticle dispersions directly from a theoretical perspective (see e.g. Ref. [11] [12] [13] [14] [15] [16] [17] [18] ), and its combination with dynamical mean field theory (LDA+DMFT) [19] [20] [21] [22] [23] [24] [25] is nowadays the state-of-the-art ab initio many-body approach to low-energy properties of transition metal pnictides. Despite tremendous successes, however, limitations have also been pointed out e.g. in the description of the Fermi surfaces. Prominent examples include Ba(Fe,Co) 2 As 2 [26] or LiFeAs [14, 27] . Interestingly, many-body perturbation theory approximating the selfenergy by its first order term in the screened Coulomb interaction W (so-called "GW approximation") results in a substantially improved description: calculations using the quasi-particle self-consistent (QS)GW method [28] have pinpointed non-local self-energy corrections to the LDA Fermi surfaces not captured in LDA+DMFT as pivotal [27] . Yet, as a perturbative method, GW cannot be expected to describe materials away from the weak coupling limit [29] , and the description of incoherent regimes [13, 17] including coherence-incoherence crossovers [30] , local moment behavior [15] or the subtle effects of doping or temperature changes [17] are still reserved for DMFT.
In this Letter, we propose and implement a new approach to the spectral properties of correlated electron materials taking into account screened exchange beyond the local density approximation and correlations as described by dynamical mean field theory with frequency-dependent local Hubbard interactions. The approach can be understood as a simplified and extremely efficient version of the combined GW +DMFT method [31] , as a non-perturbative dynamical generalisation of the popular "COulomb-Hole-Screened-EXchange" (COHSEX) scheme [32] , or as a combination of generalized Kohn-Sham schemes [33, 34] with DMFT. We demonstrate the validity of our combined "Screened Exchange+dynamical DMFT" ("SEx+DDMFT") scheme by calculating the spectral function of BaCo 2 As 2 for which detailed ARPES results are available [35, 36] . Finally, our work sheds new light on the physical justifications of electronic structure techniques that combine density functional with dynamical mean field theory, by revealing a subtle error cancellation between non-local exchange interactions and dynamical screening effects, both neglected in standard methods.
Our target compound, BaCo 2 As 2 , is isostructural to the prototypical parent compound of the so-called 122 iron-based superconductors, BaFe 2 As 2 . Replacing Fe by Co, however, increases the filling to a nominal d 7 configuration of the 3d states, with drastic consequences: whereas compounds with filling around the d 6 configuration exhibit characteristic power law deviations from Fermi liquid behavior above often extremely low coherence temperatures [17] , in the d 7 compound BaCo 2 As 2 ARPES identifies clearly defined long-lived quasi-particle bands with relatively weak mass renormalizations [35] . Nevertheless, the electronic structure of this compound raises puzzling questions concerning its paramagnetic behavior. Indeed, standard electronic structure calculations predict a huge density of states at the Fermi level, which, given the large Stoner parameter of Co, would be expected to trigger an instability towards a ferromagnetic state [37] . The density of states of the isoelectronic compound SrCo 2 As 2 presents the same features, but the maximum appears to be just below the Fermi level [38] . Still, in SrCo 2 As 2 -also a paramagnet -important antiferromagnetic fluctuations have been measured, possibly competing with ferromagnetic order [38, 39] . CaCo 2 As 2 , Ca 0.9 Sr 0.1 Co 2 As 2 and CaCo 1.86 As 2 exhibit magnetic phases with in-plane ferromagnetism at low temperatures [40] [41] [42] . ARPES data of BaCo 2 As 2 show that there is indeed a flat band (dominantly of d x 2 −y 2 character) very close to the Fermi surface, albeit less filled than predicted by LDA calculations [35, 36] , suggesting BaCo 2 As 2 to be on the verge of a transition [53] . These properties make the compound an ideal benchmark system, on which to test new theoretical approaches.
We start our analysis by comparing results for the spectral function calculated within different state-of-theart electronic structure techniques to the ARPES spectral function of Ref. [35] (Fig. 1) . Specifically, we analyse the Kohn-Sham band structure of DFT-LDA and the spectral functions of standard LDA+DMFT and LDA+DMFT with frequency-dependent local Hubbard interactions U(ω). The latter scheme will be abbreviated in the following as "LDA+DDMFT" to stress the doubly dynamical nature of the theory, which determines a frequency-dependent self-energy in the DMFT spirit but does so extending DMFT to frequency-dependent interactions. Details of the scheme can be found in Refs. [17, 43] and the supplementary material. The effective local interactions used in the DMFT calculations were obtained within the constrained random phase approximation in the implementation of [44] . For LDA+DDMFT, the full frequency-dependence of the monopole term, F 0 (ω) (see supplementary) is retained in the calculation. The effective local problem with dynamical U is solved self-consistently by means of a continuous-time Monte Carlo algorithm [45, 46] that we have implemented within the TRIQS toolbox [47] .
Electronic bands in the energy window between the Fermi level and -2 eV binding energy are states of pre- dominant Co-3d character, and undergo -even in this quite moderately correlated compound -a non-negligible band renormalisation, as compared to the LDA band structure (panel a). Standard LDA+DMFT (panel b) captures this effect, leading to a reduced bandwidth in good agreement with the ARPES results. When dynamical screening effects are taken into account (panel c), additional renormalisations occur, corresponding to the electronic polaron effect discussed in Ref. [48] , and the overall bandwidth reduction appears to be overestimated. We will, however, argue below that one should not conclude from this analysis that dynamical screening effects are absent. Rather, non-local exchangeroutinely neglected in DFT-based techniques -reshapes and widens the quasi-particle band structure, and the apparent success of LDA+DMFT in obtaining the correct quasi-particle bandwidth relies on an error cancellation when both dynamical screening and non-local exchange are neglected in the calculation of the spectral function. We will now substantiate this claim by explicitly including screened exchange, and performing a DMFT calculation with fully dynamical Hubbard interactions based on the following one-particle Hamiltonian: H 0 = H Hartree + H SEx where the first term denotes the Hamiltonian of the system at the Hartree meanfield level, evaluated at the self-consistent DFT-LDA density. H SEx is a screened Fock exchange term, calculated from the Yukawa potential e 2 exp(−λ|r−r |) |r−r | with screening length λ (see supplementary). This scheme can be understood as the next generation after the recent LDA+DDMFT scheme, by replacing the local KohnSham exchange-correlation potential of DFT by a nonlocal screened Fock exchange correction [54] . We first analyze the band structure corresponding to H 0 alone, in comparison to the LDA band structure and the one obtained from QSGW (in the implementation of [49] ), see Fig. 2 . As expected, the inclusion of non-local exchange in H 0 increases the delocalization of electrons, particularly for the bands crossing the Fermi level, and thus widens them as compared to the LDA electronic structure. In QSGW, this effect is overcompensated by correlation-induced band-narrowing, and the bandwidth of Cobalt d -like bands is about 15 % smaller than in LDA. These comparisons highlight the fact that -taking the screened exchange band structure as a reference -the effective exchange-correlation potential of DFT not only incorporates exchange (in a local fashion), but also mimics band renormalisations due to correlations (yet without keeping track of the corresponding spectral weight transfers). In addition, the SEx correction induces interesting modifications of the low-energy band structure as compared to the LDA; we will come back to this point below.
We finally turn to the results of our new scheme: Figure 4: Bands along the ΓM kpath, extracted from the spectral function calculated by SEx+DDMFT with U(ω) superimposed on ARPES data from Ref. [35] . The ARPES data are represented as a second derivative of the photoemission intensity, on a colour scale ranging from blue to white. The QSGW band structure is also given (white dashed lines).
trum from SEx+DDMFT is very close to the experiment: bandwidth, Fermi surface and band renormalisations close to the Fermi level are correctly predicted. The orbital-resolved electron count obtained with SEx+DDMFT is displayed in Tab. I and compared to the LDA, SEx, LDA+DMFT and LDA+DDMFT electron count. The orbital polarization from LDA is reduced by correlations, and nearly suppressed within LDA+DDMFT. Conversely, screened exchange increases the orbital polarization, and the final SEx+DDMFT result still displays stronger orbital polarization than LDA. This trend can be directly related to the weakly dispersive d x 2 −y 2 states discussed above: as in the SEx band dispersion of Fig. 2 , the effect of screened exchange is to push the flat d x 2 −y 2 -like band away from the Fermi level, to the point of suppressing the electron pocket at the Γ point. This does not correspond to the experimental spectrum, and indeed it is corrected by including correlations. Fig. 4 displays the low-energy spectra along the ΓM direction comparing SEx+DDMFT and LDA+DMFT overlaid onto the second derivative of the ARPES data [50] , together with the QSGW band dispersion. The electron pocket at Γ is recovered in SEx+DDMFT, and the fraction of d x 2 −y 2 electrons increases. Within LDA, the flat band is nearly filled along the ΓM direction, and even more so when we take into account correlations. According to ARPES, this flat band should be occupied only in a small electron pocket at Γ, containing about 0.18 e -. This result is consistent with the absence of ferromagnetism. Indeed, this flat band lying on the Fermi surface would imply a high density of states at the Fermi level that could trigger a Stoner instability. We extract from the SEx+DDMFT calculations a DOS at the Fermi energy of 0.97 states/eV/Co/spin. Assuming a Stoner parameter of ∼ 0.9 eV this leaves us slightly below the onset of Stoner ferromagnetism [55] . The QSGW scheme also provides an overall good description, including the position of the d x 2 −y 2 band, its filling and its related Fermi wavevector. Taking nonlocal exchange into account is thus necessary to capture the physics of BaCo 2 As 2 , and our SEx+DDMFT scheme performs well for these subtle effects.
Finally, a few comments are in order to put our new computational scheme into perspective. As far as coarse features such as the bandwidth are concerned, standard LDA+DMFT and the new SEx+DDMFT give comparable results, giving an a posteriori explanation for the success of LDA+DMFT calculations with static interactions. For total energy calculations within DFT, it is well-known that there are subtle error cancellations between the exchange and correlation contributions in approximate density functionals. Here, we evidence a similar behavior for spectral properties. The effect of dynamical screening as incorporated in the high-energy tail of the dynamical Hubbard interaction U(ω) can roughly be understood by a band narrowing by a factor Z B = exp −´∞ 0 dω U(ω)/(πω 2 ) [56] . For BaCo 2 As 2 , we find dynamical screening to be non-negligible, with Z B ∼ 0.6. LDA+DDMFT doublecounts this narrowing effect, as the bandwidth has already been decreased by correlations hidden in the effective exchange-correlation potential of DFT, with respect to the Hartree-Fock or SEx bandstructure (see Fig. 2) . Thus, starting a manybody calculation from LDA raises not only the usual well-known double counting questions related to the energetic position of correlated versus itinerant states, but even more serious ones related to the double counting of screening processes. Our SEx+DDMFT scheme avoids these issues, providing a more solid foundation for the investigation of dynamical screening effects. On a more pragmatic level, the similarity of the LDA+DMFT and SEx+DDMFT spectral functions also suggests that error cancellations between dynamical screening and nonlocal exchange, both absent in LDA+DMFT, make this scheme suitable at least for questions concerning the overall bandwidth reduction of correlated electron systems. Finer details related to the very low energy behavior or Fermi surface topologies, on the other hand, might require explicit exchange corrections as introduced in the present work.
In summary, we have shown that screened exchange combined with dynamical correlations provides an excellent description of the low-energy physics in BaCo 2 As 2 . In contrast to perturbative schemes, it can be expected that our non-perturbative method can be extended to regimes with arbitrarily strong correlations, making it a promising tool for probing the finite temperature normal state of iron pnictide and chalcogenide superconductors. For BaCo 2 As 2 , we show that the flat d x 2 −y 2 -band in the immediate vicinity of the Fermi level is extremely sensitive to an accurate treatment of screened exchange, and that this effect is key to the paramagnetic nature of the compound. Pump-probe photoemission would be useful to experimentally locate the flat band and guide the search for new ways to tune its exact energetic position, thus directly playing on possible Fermi surface instabilities.
We acknowledge useful discussions with V. Brouet, T. Miyake and the authors of Ref. [35] . This work was sup- In this supplementary material, we give further details explaining the motivation, implementation and technical aspects of the proposed combined Screened Exchange Dynamical Mean Field scheme with Dynamical interactions "SEx+DDMFT".
I. THE COMBINED SCREENED EXCHANGE DYNAMICAL MEAN FIELD (SEX+DMFT) SCHEME A. Motivation and general idea
The screened exchange dynamical mean field technique "SEx+DDMFT" is motivated by the observation that the first non-local corrections to standard LDA+DMFT can be understood as screened exchange terms. Indeed, within the GW approximation (GWA) it has been shown recently [S1, S2] that for whole classes of materials (the focus was in particular on iron pnictides), the GW correction to LDA can be split into two contributions: a dynamical but local self-energy Σ loc (ω) and a k-dependent but static self-energy Σ nloc (k). Obviously, if such a separation were strictly valid over all energies, the static contribution would be given by the Hartree-Fock self-energy, since the dynamical part of the self-energy vanishes at high frequency. However, in reality, such a decomposition holds to a good approximation in the low-energy regime that we are interested in, with a static offset Σ nloc (k) which is quite different from the Fock exchange term. Here, we identify this contribution as a screened exchange self-energy, leading to a decomposition of the GW self-
where the first term is a screened exchange contribution arising from the screened interaction W evaluated at zero frequency. In the practical implementation we replace it by its long-wavelength limit: in this q → 0 limit, the RPA-screened Coulomb potential W reduces to a simple Yukawa-form, which we discuss below. Within the GWA, the dynamical local term is simply given by a GW self-energy evaluated using a local propagator G local and the local screened Coulomb interaction W local . In the SEx+DDMFT scheme, however, we go a decisive step further and evaluate this term from a dynamical impurity problem as in DDMFT. In contrast to the GWA, it is therefore determined non-perturbatively. For weakly correlated materials such as BaCo 2 As 2 we expect the GWA to be quite accurate, and the non-perturbative and the perturbative evaluation should qualitatively coincide. This corresponds indeed to our finding of SEx+DDMFT results being close to the GW ones (see main text). The SEx+DDMFT is however not limited to this case, making it a promising perspective for investigations in the strongly correlated metal regime.
B. Formulation
Thanks to its static nature, the screened exchange self-energy correction to the LDA Hamiltonian can be directly incorporated into a revised one-particle
The SEx+DDMFT scheme consists then in performing DDMFT starting from the general multi-orbital Hamiltonian H = H 0 + H int − H dc where H int is the dynamical generalisation of the usual Hubbard and Hund interaction terms. To indeed be able to write it in a Hamiltonian fashion, we decompose it into a static part which we restrict to density-density-interactions
mσ =m σ U mσm σ (ν = ∞)n imσ n im σ (where the sums i, j run over the Co-3d orbitals) and an additional part introducing screening bosons and their coupling to the physical electrons:
. Such a formulation has been discussed in the recent generalisation of LDA+DMFT to dynamical Hubbard interactions in Refs. [S3, S4] .
Alternatively, if an action formulation is chosen, H int corresponds to the Hubbard interactions where the monopole term (the Slater integral F 0 ) is frequency-dependent.
H dc is the double-counting correction introduced in order to remove from the screened exchange Hamiltonian those contributions of the interaction that are explicitly treated in a many-body fashion in the form of H int . For details, see Section I E.
C. Screened exchange term and screening length
The screened exchange contribution H SEx is calculated as Fock exchange with the screened potential
. Here, k T F is the ThomasFermi wavevector or inverse screening length. It can be expressed as k 2 T F ≡ −e 2 −1 0 P 0 (q = 0, ν = 0) where -in a metallic system such as BaCo 2 As 2 -the static polarization P 0 (0, 0) is well approximated by the one of the homogeneous electron gas at low temperature k B T F : P 0 (0, 0) → −ρ( F ). The problem of calculating the screened exchange term therefore boils down to determining the effective screening length. Starting from the LDA DOS (6.94 states/eV/unit cell), we obtain a screening wavelength of 1.88 a −1 0 , with a 0 the Bohr radius. However, as argued above, one of the main consequences of the electronic exchange and correlation effects is precisely the rearrangement of the electronic states in the immediate proximity of the Fermi level, and a concomitant reduction of the density of states. Indeed, a SEx+DDMFT calculation with the LDA screening length results in a reduction of states at the Fermi level, given by a zerofrequency spectral function of 4.66 states/eV/unit cell, corresponding to a screening wavelength of 1.54 a −1 0 . It thus becomes clear that the true challenge consists in a self-consistent determination of the effective screening length. For computational reasons, however, and since the precise value of the DOS at the Fermi level is -for the same reasons as the subtle Fermi surface modifications discussed above -a quantity very hard to converge, we mimic convergence by choosing an ad hoc screening wavelength of 1.33 a For the screened Hartree-Fock calculation performed within Wien2k [S5, S6] , we calculate the matrix-elements for a second variational procedure on 150 bands, on a grid of 7x7x7 k-points.
D. Interactions

Static Hubbard and Hund Interactions
The interactions are determined from the constrained random phase approximation (cRPA) in the implementation of [S7] . In the zero-frequency limit, we obtain the Slater integrals F 0 (0) = 2.9, F 2 (0) = 6.9 and F 4 (0) = 5.1 calculated on a grid of 4x4x4 k-points, which we use to determine the orbital-dependent coefficients U mm of density-density interactions, including Hund's exchange J mm , in a standard Slater parametrisation [S8] . We find J = 0.86 and the interaction matrices in the cubic basis 
Dynamical interactions
The cRPA method also gives us access to the frequency-dependence of the interactions. The full frequency-dependent monopole integral F 0 (ω) is displayed in Figure S1 , along with the corresponding bosonic spectral function ρ B (ω) with the notations of Ref. [S9] . The imaginary part of F 0 has a minimum around 22 eV, which corresponds to the main plasmon. At this frequency the real part of F 0 is multiplied by 4, going from a low-frequency regime to a high-frequency regime. Still, a non-trivial frequency dependence persists at lower frequencies, and that is why the spectrum of ρ B shows many features and a broad repartition of the spectral weight. Formally, the bosonic renormalization factor (within the notations of Ref. [S4] ) would be Z B =0.59.
E. Double-counting
The Hubbard Hamiltonian used in DMFT contains a Hartree term. However, the Hartree energy from the input (whether it is LDA or calculated from a Yukawa potential) is already taken into account in the DFT part. For this reason, one needs to introduce a correction term introduced to avoid double-counting part of the Coulomb interactions. Here, we use an orbital-dependent double counting term derived as a mean field approximation of the Hubbard terms: V DC (m, σ) = m ,σ =m,σ U (mσ, m σ ) < n m σ > DF T . We note that in the absence of orbital polarization one would recover the usual "around mean field" (AMF) formula [S10] . The values of < n m σ > DF T are taken from the DFT starting point -the LDA or SEx calculation. The values of the double counting term are displayed in Table I .
F. Screened EXchange+Dynamical Mean Field
Theory: Link to GW +DMFT and COHSEX
The above decomposition of the self-energy, which essentially consists in singling out the local term, is reminiscent of the combined GW +DMFT scheme [S11] , in which local and non-local parts of the self-energy are treated within DMFT and GW respectively. Indeed, the SEx+DMFT scheme can be understood as a simplified version of GW +DMFT, where the non-local self-energy is approximated by the screened exchange term.
Alternatively, the SEx+DDMFT scheme can also be understood as a dynamical generalisation of Hedin's Coulomb-hole-screened-exchange (COHSEX) approximation [S12] . In that scheme, a static approximation to the self-energy is constructed from two terms: first, a screened exchange term analogous to the one we treat here, and second the Coulomb-hole, a local correction expressing the suppression of the charge-charge correlator in the vicinity of an electron. In SEx+DDMFT, the latter term is determined in a dynamical and non-perturbative manner from a local impurity model (that is, by DMFT with dynamical interactions).
II. FURTHER PERSPECTIVES
We finally comment on two remaining discrepancies between our theoretical spectral functions and the ARPES spectra of Fig. 4 (main text) . At one fourth of the ΓM path, the isolated feature at -0.4 eV is probably due to spin-orbit coupling, as a QSGW calculation with spin-orbit interactions (not shown) lets us foresee. Around the X point (see Fig. 3(b) of the main text), our theoretical data does not match the Fermi surface deduced from the ARPES spectrum. However, we note that this point is not a high-symmetry point and it is consequently difficult to identify it with certainty. Moreover, the ARPES cuts correspond to a single photon energy, and in the free electron final state approximation for a given photon and binding energy the sum k 2 ⊥ + k 2 is constant. This means in our case that for the "k z = 0" cut the k z at the M point is actually lower by about 0.32π/c compared to the Γ point and at the X point it is about 0.16π/c lower (where c is the distance between two CoAs planes). Given the precision of our comparison, we consider that we might be within the error bars. Further combined ARPES and SEx+DDMFT studies will be needed to assess the respective limitations in precision inherent to theory and experiments.
